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Abstract
This paper examines the flow characteristics of a
pilot-scale high shear mixer using Large Eddy Simu-
lation (LES). The mixer consists of a non-planar el-
liptic jet released into a confined cylindrical cham-
ber. The simulated results are validated by compar-
ing mean quantities with published PIV data. Fun-
damental turbulence quantities including turbulent ki-
netic energy, turbulence production and dissipation,
Reynolds stress anisotropy and triple moments of ve-
locity are examined. The orifice produces asymmetric
shear layer evolution, spreading and turbulence inten-
sities between the major and minor axes planes. Jet
entrainment and turbulence activity in the near-field is
promoted when compared to other non-circular planar
jets from literature. The turbulence field exhibits simi-
lar anisotropy to the mean flow. Implications of the re-
sults for droplet breakup modelling are also discussed
in this paper.
1 Introduction
High shear static mixers are widely used in the pro-
cess industry for the manufacture of emulsion based
personal care products as they are able to deliver
localised high shear and turbulent energy densities
which accelerates mixing and dispersion of liquid-
liquid systems. The properties of these formulated
emulsions are process sensitive, with droplet size af-
fecting the physical stability and consumer appeal of
the final product. Drop dispersion and breakage is
predicated on the turbulence characteristics of the con-
tinuous phase.
Traditional droplet breakup modelling in turbulent
flows is based on the assumption of isotropic turbu-
lence of infinite Reynolds number which is incon-
sistent in practical flows of industrial interest. This
results in the use of empirical models and system-
specific parameter fitting based on experimental re-
sults to arrive at predictive correlations. To improve
drop breakup modelling and obtain reliable correla-
tions a sound investigation of the underlying flow dy-
namics and turbulence characteristics of actual mixer
configurations at representative operating conditions is
required.
A pilot-scale model of a Sonic Corporation mixer
is simulated using LES in this study. PIV results from
the experimental investigation of Ryan et al (2017)
is used to validate the numerical results. This work
formed part of a recently concluded project which
aimed to reduced reliance on physical prototype test-
ing by promoting in-silico evaluation of manufactur-
ing concepts.
2 Methodology
The mixing element of this device comprises of
a V-shaped notch cut at 60o through a hemispheric
closed ended tube to form a horizontal cats-eye shaped
orifice. The mixer operates by forcing fluid under high
pressure through the orifice, with the ensuing high ve-
locity jet exiting into a confined cylindrical chamber
(Figure 1). Due to initial disagreements between the
pressure drop measurements of Ryan et al (2017) and
CFD results, a laser microscope was used to measure
the diameters of the physical orifice and produce a 2-D
projection of the area. The CFD geometry was then
adjusted matching the measured area and the diam-
eters of the ellipse. A structured mesh of the com-
putational domain was produced using two O-grids.
This meshing strategy ensured capturing the complex
geometry of the elliptic orifice and the V-shaped cut
without introducing excessive cell distortion.
The working fluid is water and the mass inflow
rates of the simulations were 0.046−0.092 kg/s to
match Ryan et al (2017) and remain below the onset
of cavitation. Near-wall resolution on the orifice noz-
zle of 0.1<Y +<6, 27<∆X+<9 and 12<∆Z+<50
were used. The numerical simulations were performed
using Code Saturne (Archambeau et al (2004)). The
Dynamic Smagorinsky model (Germano et al (1991)
is used to model the sub-grid scale (SGS) stresses. A
2nd order centred scheme is used for space and time
discretisation. Inflow turbulence is prescribed using
the synthetic eddy method (Jarrin et al (2002)). Tar-
get statistics for the synthetic turbulence is prescribed
through a precursor periodic pipe flow calculation us-
ing EBRSM (Manceau and Hanjalic (2002)) to pro-
Figure 1: Computational mesh: (a) cross-section of volume
mesh in the plane parallel to the orifice small diam-
eter, (b) surface mesh of the inlet chamber, (c) sur-
face mesh of the orifice from the side of the main
chamber, (d) close-up view of the orifice surface
mesh, (e) orifice image captured with laser micro-
scope and and dimensions of the major and minor
diameters (measured orifice area Ae=7.68mm2
and aspect ratio AR=2.89).
duce a fully-developed turbulent profile (H=1.4315,
mean T.I.=9.2%).
The fidelity of the simulation can be observed from
the resolved spectra of streamwise velocity along the
centreline and in the shear layer shown in Figure 2.
The figure shows that the inertial subrange and larger
scales are adequately captured.
3 Results
Results in this section are presented for a jet ori-
fice Reynolds number Re=37, 000. Simulations were
also run at Re=18, 500 and qualitatively similar re-
sults were obtained. The reference length and veloc-
ity scales were taken as the nominal orifice diameter
D=
√
Ae=2.7mm and bulk mean velocity at the ori-
fice Wb= 1Ae
∫
WdA=12.9m/s unless indicated oth-
erwise. Comparison of mean velocity between the
simulation and PIV results are given in Figures 3 and
4 and show reasonably good agreement. Excellent
agreement of pressure drop across the mixer with PIV
(∼ 4%) was also found.
Boundary layer characteristics at the jet exit indi-
cate a laminar profile (H=2.344 and T.I.=1.76%).
The non-circular nature of the orifice produces differ-
ential evolution of the jet shear layers in the major and
minor axis planes. The mean shear layers are depicted
using mean vorticity contours in Figure 5 demonstrat-
ing wider jet diameter and slow monotonic spreading
in the major axis plane as compared to the minor axis
plane. The figure also depicts the half-velocity widths
to indicate the extent of jet spreading in each plane.
(a) Centreline. The slopes indicate the inertial and energy containing
subranges.
(b) Shear layer
Figure 2: Power spectral density (Φw) of streamwise veloc-
ity w
Figure 3: Comparison of streamwise mean velocity profiles
between CFD and PIV. Wmax is the maximum of
the centreline velocity. Centreline decay of the jet
is shown. The LES data is used to calculate the
potential core length and decay rate
The streamwise evolution of the jet cross-section
(Figure 6) reveals an initial two-lobed shape leading
to flatter and wider cross-section downstream due to
greater jet spreading along the major axis. The jet
(a) z = 0.37D
(b) z = 7.4D
Figure 4: Profiles of streamwise mean velocity profiles on
the minor axis at two different streamwise loca-
tions from CFD and PIV. Wcl is the streamwise
velocity on the centreline.
cross-sectional shape thus follows the orifice contour
without any switching of the ellipse axes. The ab-
sence of axis-switching potentially limits far-field jet
entrainment and mixing.
The jet decay rate is calculated as 0.578 and po-
tential core length is 1.2D indicating faster decay and
greater near-field entrainment compared to values re-
ported for elliptic planar jets (Mi and Nathan (2010),
Aleyasin et al (2017)). The jet spreading rate, cal-
culated using the equivalent half-widths (geometric
mean of the respective values in each plane), is 0.063
and is smaller than those reported in the above studies.
Analysis of the instantaneous flow-field (Figures
7 and 8) reveals vortex shedding due to shear layer
separation at the orifice lips, and downstream forma-
tion of larger scale coherent structures. In the near
field, roll-up of shear layer at orifice produces span-
wise line vortices that deform as they convect down-
stream due to Biot-Savart induced velocities (see Fig-
ure 9 showing iso-surfaces of Q, the second invariant
of the velocity gradient tensor). The streamwise ve-
locity spectra in the centreline (Figure 2a) and shear
layer (Figure 2b) reveal that the dominant frequencies
for the jet preferred mode and shear layer mode insta-
bilities are comparable. Strouhal numbers (StD=0.82
and Stθ=0.027 based on orifice diameter and jet exit
Figure 5: Normalised mean vorticity (spanwise to plane)
contours with jet half-widths super-imposed as
dotted lines on minor axis (top) and major axis
(bottom) planes.
Figure 6: Streamwise evolution of jet cross-sectional shape
depicted using contours lines of W/Wcl.
momentum thickness respectively) are comparable to
values for round and planar elliptic jets (Sadeghi and
Pollard (2012), Mi and Nathan (2010). With down-
stream evolution the peaks shift to near subharmon-
ics of the main mode indicating interaction of vortices.
The interaction between the spanwise line vortices in
the shear layer and the braid (rib) vortices in the jet
core form streamwise hairpin vortices that eventually
breakdown into smaller scale structures downstream.
Figure 7: Instantaneous velocity vectors in the minor axis
plane.
Figure 8: Pressure contours depicting vortex shedding in mi-
nor axis plane.
Figure 9: Q iso-surfaces coloured by transverse velocity de-
picting line and rib vortices after the jet exit and
hairpin vortices downstream.
The turbulence characteristics of the flow-field are
investigated. The regions of large TKE (Figure 10)
and dissipation rate (Figure 11) occur within the shear
layer after the potential core. Peak TKE production
(Figure 12) occurs at the edges of the shear layer sur-
rounding the potential core. Production is negative
immediately after the jet exit leading to the growth
of larger vortices. A similar result has also been re-
ported in 3-D planar jets (Bisoi et al (2017)). The lo-
cations of maximum TKE and dissipation rate are rela-
tively upstream compared to other non-circular planar
jets (Aleyasin et al (2017)). Regions of intense turbu-
lent activity is confined between 2−4 orifice diame-
ters downstream of the jet exit which is beneficial for
promoting droplet breakup in the jet near-field. Asym-
metric evolution of the mean shear layer results in sim-
ilar asymmetric pattern in the turbulence field. A more
homogenous turbulence field would potentially favour
uniform droplet breakup rates in the flow-field result-
ing in narrower distribution of drop-sizes.
The distribution of the components of the Reynolds
stresses are shown in Figure 13. For brevity the discus-
sion is restricted to the minor axis plane. The normal
components are indicative of the intensity of the large-
scale fluctuations while the shear components are in-
dicative of the momentum exchange between the jet
and ambient fluid. The stresses are relatively low in
potential core region but peak within the shear lay-
ers (∼ 2−3 diameters downstream) as the jet evolves.
Streamwise fluctuations originate at the orifice lips due
Figure 10: Normalised TKE contours in minor (top) and ma-
jor (bottom) axis planes (half-planes shown due
to symmetry).
Figure 11: Normalised TKE dissipation rate contours in mi-
nor (top) and major (bottom) axis planes (half-
planes shown due to symmetry).
Figure 12: Normalised TKE production contours in minor
(top) and major (bottom) axis planes (half-planes
shown due to symmetry).
to vortex shedding. The transverse fluctuations are
dominant in the core of the jet where vortex interac-
tion is greatest. Spanwise fluctuations and shear stress
are mainly driven by the shear layer downstream of the
exit plane of the orifice.
Profiles of the stress components along the mi-
nor axis (Figure 14) indicate that the normal stresses
roughly exhibit self-similarity. Peak values of
the shear stresses shift away from the centreline
with downstream distance. The Reynolds stresses
tend towards an axisymmetric state (w′w′ ∼ v′v′,
v′w′ ∼ u′u′) outside the shear layer.
Figure 13: Reynolds stresses components in the minor
axis plane: (a) u′u′/W 2b , (b) v′v′/W
2
b , (c)
w′w′/W 2b , (d) v′w′/W
2
b (half-plane shown due
to symmetry, v′w′/W 2b < 0 in the lower-half
plane).
Plotting the invariants of the Reynolds stress
anisotropy tensor on the Lumley triangle (Figure 15)
shows that the most common shape of the Reynolds
stresses is an prolate spheroid (ξ>0), which implies
that the Reynolds stresses are in an axisymmetric ex-
tensive state and are representative of the Reynolds
stresses found in boundary layer type flows (Pope
2000).
Diffusive transport of turbulence is represented by
the gradients of the triple moments of the velocity.
Figure 16 represents the profiles of the moments of
TKE and shear stresses with the transverse velocity
fluctuation. The negative gradient of the shear mo-
ments within the shear layer indicate diffusion of tur-
bulent shear towards the centreline. The gradients of
the normal moments on the other hand first become
positive and then negative indicating diffusion of TKE
Figure 14: Variation of Reynolds stresses in the minor axis
plane at two streamwise locations (only half pro-
file is depicted due to symmetry).
away from the core and ambient toward the shear lay-
ers.
4 Conclusions
This paper describes a Large-Eddy Simulation of
the flow in a pilot scale industrial high-shear static
mixer used for emulsification applications. The flow
features described are specific to the particular geo-
metric configuration of the mixer. The flow in this
configuration results in shorter potential core, smaller
spreading rate and suppression of axis switching when
compared to elliptic planar free jets. The orifice shape
promotes entrainment and vortex interaction in the
near-field. Diffusion of turbulence stresses by the
fluctuating velocity field concentrates turbulent kinetic
energy and shear stresses within the jet shear lay-
ers. The flow configuration is effective in delivering
regions of localised turbulent energy dissipation that
drive droplet breakup in the minor axis plane as com-
pared to the major axis. The regions of peak turbulent
energy dissipation coincide with the region of jet de-
cay and intense vortex interactions.
The energy spectrum of the turbulence cascade was
calculated and is of importance for improving drop
breakage modelling in non-isotropic turbulence con-
ditions (Bagkeris et al. (2018)). The traditional ap-
proach assumes infinite Reynolds number and velocity
Figure 15: The Lumley triangle on the plane of the invariants
ξ and η of the Reynolds stress anisotropy ten-
sor (as defined in Pope (2000)). The data points
correspond to locations along the minor axis at
z = 1.85D and z = 3.95D.
Figure 16: Transport of in-plane components of TKE and
turbulent shear stress by transverse fluctuating
velocity (only half profile is depicted due to sym-
metry).
scaling based on Kolmogorov’s second order longitu-
dinal structure function in the inertial subrange. The
work of Solsvik et al. (2016) has extended this concept
to finite Reynolds numbers using models for the entire
energy spectrum of isotropic turbulence. The extent of
the energy-containing subrange of the turbulent energy
cascade (slope −9/2 in Figure 2a) and the spectral
peaks corresponding to coherent structures in the jet
near-field are of importance here, as the structure func-
tions corresponding to the energy spectra in Figure 2
yield a velocity scaling notably different than both the
traditional approach of drop breakage modelling and
its extension to the entire spectrum of isotropic turbu-
lence.
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